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ABSTRACT 

The recent increased musber of proposals by inatitutions 
and industrial groups te bulld power or research reactors in 
populated areas has placed insreased emphasia on reactor 
Gesigns which are inherently sasfe against catastrophic 
reactor mmaway accidents. Since water-moederated reactors 
ean be designed with a large —— A steam coefficient of 
reactivity, they possess inherent power-limiting characterts- 
tics which reduce the hazard cf avcidental nuclear runaway. 
Recently a series of intentional nuclear runaway experiments 
with a water-moderated reactor were conducted under the code 
name Borax to determine the reactor shutdown mechanion for a 
ma Finan runaway excursion in a water-~moderated reacter. 


The purpose of the ne pen nee described by this 
thesia has been to understand and analyze a nuclear runaway 
excursion in a water-mederated reactor. Toward this aim the 
results of the Borax and other bolling experiments were 
studied in detail. From this study a physical model of the 
reactor transient excursion was developed and certain 
of this model were analysed in deteil. The 
of this analysis — been a predieation of temperature 

le in the water channels ¢f the reactor prior te 
-- 4 veiling, a erliterion for the initfetion of 
boiling and &@ good correlation of experimental maxima fuel 
plate temperatures for the Borax reactor. 
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ture proflle in a water 
Liinmg ie given by 


7 (x) ~ TL » (T., - Ps) Pane 


where T (x) 19 the water temperature in °F at a distance 
x { inte the water, Ti isa the initial water temperature, 
Tp is the fuel plate temperature, m is the reciprocal 
exponential reactor pericd in sec”? art a is the heet 
diffusivity of water in ft®/see. 
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The general criterion developad for ny A 
al eae tained in a hentepheriea! 1 — oF te 
energy can volume of water 
at the heated surface is sufficient te form a steam 
bubble of a particular size. When applied to water 
— oe AN to eo fuel plate whose temperature ig increasing 
exponentially with a reciproesal period of m sec™?, this 
general eriterion becomes 
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Ts is the saturation temperature 





The temperatures (1 5eF), experimental maxima + plate 
) for the Borax reactor is given by 
0.715 im 7 3 ln (TL. “De } os & /3 Ly (To-Ts ) = & Oe 








To, the fuel plate temperature at — boLling 
, ie Given by the preceding equation 


Graphe iilustrating 
equations and atrened rag 
predicted 
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results of this theaisa have been s 


The secondary 
qualitative ae S of the trensient belling 
phenomena and the reactor shutdown mecshacien. 
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A large fYaction cf both the initial and operating 
costes of present day power or research reactors stems from 
the hazards, beth proven and hypothetical, which may beset 
the reactor. Principal agong the reactor hagcarda in regard 
+e increased protection costs is the hazard of accidental 
nuclear runaway. In water-moderated reactors the boiling 
process provides an inherent power limiting mechaniem to 
reduce this hazard. 

Utilization of the boiling process in water-moderated 
reactors te limit nuclear rmaway depands upon the fact 
that such reactors can be designed to have a nesative stean 
coefficient of reactivity. The formation of steam and dis- 
placement of water from the reactor causes a net decrease 
in reactivity such that the reactor may become subcritical 
in which case the power, after reaching eae maximm, will 
decreases 

In the summer of 1953 @ water-moderated reactor using 
MTR type fuel slements was constructed at the National 
Reactor Testing Station in Idaho to determine experimentally 
the self-limiting power characteristics of this type of 
reactor. During the summers cf 1953 and 1954 a series of 
intentional nuclear runaway experiments were conducted under 
the eode name Borax. A brief description of the Borax 
experiments in giver in the following section. 
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The purpose cf this thesis is to understand and 
analyse @ nuglear runaway excursion in a water moderated 
reactor. Toward this aim the Borax and ether boiling 
experiments were studied in detail. From this study a 
physical model ef the reactor transient was developed and 
where feasible varicus phases of this model were analyzed 
in detail. The principal results of this analysia have 
beer: a prediction of temperatures in the reactor prior te 
initiation of boliing, a criterion for the initiation of 
boiling and an excelient correlation of experimental 
maximwna fuel plate temperatures for tie Borax reactor. 
Secondary results of this study have been a qualitative 
understanding of the transiens boiling phenomena and the 
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Detailed descriptions of these experiments ere given 
in References 1 and 2. ‘The follewing brief deseription 
has been condensed from these reporta. 

The reactor inetaliation is show: in a cutaway view 
in Figure 1. The reactor tank was contained in a iarger 
gitteid tank of ten foot diameter which was sunk pert way 
into the ground and had earth plied around it fer additional 
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shielding. Adjacent to the shieid tank wae a pit with 


econerete walls in whieh wes installed equipment for filling 
end emptying the reactor and shield tanka, and for preheat- 
ing the water in the reactor tank. 

The reacter tank, whieh waz four feet in diameter and 
ebeut thirteen feet high, contained the reactor core, which 
consisted of a number of MTR type fuel eiements held at the 
bottom by a supporting grid end at the tep by a removable 
eover grid. The core grid couid accommodate thirty-six 
fuel elements, bus a maxinwm of thirty clements were used 
4a the Borax program. In operation the reactor tank was 
filied with water te a height of three te four and one-half 
feet above the top ef the core; this water eenatituted the 
reflector, moderator, and coolant, 

2. MIR Fuel Elements 

Figure 2 is a drawing of a standard MTR fuel element. 

Rach element contained i5 fuel plates with a combined v“”” 
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content (93% enrichment) of abeut 240 grama. The U°™ tn 
each plete is tn the form of a strip of urantum-alwainum 
alley, 23.6 inches long by 2.5 imehes wide by 0.081 ineh 
thick. The alloy plate was covered with a cladding of pure 
aluminum, whieh increased the total dimensions of the fuel 
plates to 24,6 inches by 2.885 inches by 0.060 inch. The 
water channel between the plates is O.117 inch across. 
3. Control Rods 

The reactor contained five control rede; a central 
red wnieh was alternatively a flat piate or @ crosgs~shaped 
member, a& the requirements of the experiment dictated, 
and four wide flet plates (shim rods) whieh operated in the 
ehanneis separating the four quadrants of the reactor core. 
All rods were made cf nickel-ciad cadmium in aluminun 
casings. The centrol rods were attached by extension rods 
to dive mechanisms located above the top of the reactor 
tank, The central rod wae attached to its mechanism by an 
electromagnet, which when released allowed the rod to be 
spring-ejected downward out cf the score for the experiments 
on remctor muneway. 
4. Experimental Frocedure 

The experimental procedure was az follows: The fuel 
element lcading of the reactor was adjusted to give 
approximetely the smount of excess reactivity desired for 
the experiment. with shim reds fully Inserted (reactor 
subcritical) the central control rod was inserted inte the 
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core by an amount equal te the desired excesa reactivity 
for the experiment. With the central rod held fixed at 
that position, the reactor was made oritical at very iow 
power (~1 wait) by withdrewal of the shim rods; the shim 
rods were then held at that critical pesaition. The central 
rod could then be ejected from tie core to praduce a 
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Three calibrated neutron counters were installed at 
various positions in the reactor to record the instantancous 
neutren flux and power of the reactor. Thermocouples were 
attached to fuel plates in the visindty ef waxdieum Slux in 
the veactor to record inatantanecus fuel plate temperature, 
The control and recording instruments were located at some 
Gistance from the reactor proper for safety. 

6. Results 

The pict of @ typieal excursion ia shown in Figure 5. 
The following observations are vcecerded after examination 
of a number of auch experimental graphs: 

a) The power increase with time is elimest exponential 
up to approximately the time of maximo power. 
Deviation fram the exponential cmd be abtrimited 
to tesperacure effects on reactivity. 

b) Pressure remains at ambient pressure utili 

approximately the time of maximum rower and then 
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increases with tine reaching a maximum at some 
time after maxima fuel plate temperature. 

c) The tempereture of am insulated fuel plate at 
any time is proportional to the time integrai ef 
the power to that time. Un to approximately the 
time of maxim power tile curve Le elmost 
exponentint » 

é) The bere fuel plate temperature increases almost 
expenentislily but drepping @ little belew the 
corresponding insulated plate temperature up to 
the time of maximum power, et which time the 
éifference between the two temperature curves 
inereases quite rapidly. The maxim fuel plate 
temperature ceocurs at same tine alter maximus 
power» 

e) After the time of maximun power the power curve 
shews the effeet of a steacily increasing negative 
peried which indleates a steadily increasing steam 
yolume in the reactor. At the time of maximwm 
fuel plete temperature the power is decreasing 
quite rapidly. 

Flicte of experimental maximum fuel pinte teaperaturea 

attained for excursions of various perieds and initial 
gubsocling are veproduced ag Figures 4 and 5. 


Se ee ieee 
A hy Ta iii ta eae 
ol OT SS 7 Te i CRG 
ee ae 
ee ee 
nt) ee ND emer cman De 
me 
St ns mm ee conte Gard ome em 
oI ES 0 te oe lel 
0 eee Se at eee 
St ie ey melee et oat —— 
Ou oe me 2 


Re 




































Ss Previeus investigations Inte the Buliing 

The re@ulte of several recent investigations of the 
boiling protess will be used in this study. 

Rosenthal (Ref. 3) has experimentally investigated 
the phenomena of initiation and subsequent behavior of 
bedling in water adjacent te = thin meatal plate whose 
temperature ia rising exponentielly with time. ‘The plate 
was clectricellr heated from an exponentially increasing 
Power BAOUrEe. Plate temperatures were deduced from a 
continuous recerd of plate electrical resistance. Motion 
pictures were taken of the plate area at the rate of 6900 
frames per second. Runs were econducted for various 
initial weter temperatures and exponential pericds. 

fhe experimental results of this investigation as 
briefly presented in a preliminary report (Ref. 3) are as 
follows: 

1. The rapidly rising plate temperature passes the 
saturation temperatura of water and before 
polling ccammences exceeds it by an amount 
termed the “temperature overshoot.” 

2. Suddenly there is an almost explosive formation 
of bubbles severing the surface, 

3. Thie botling surge expires and for a moment the 
surface is nearly free of bubbles. 

4, Tien beiling commences which is similiar in 
appearance to loeal bolling with steady generation 
of heat. 
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$, With inittel water temperatures above 190° F for 
the range of periods studied the temperature 
overshoot 18 less than 6” F within the accuracy 
(+ & F) of the temperature measurements. 

6, Date given for one mm showed that for an 
exponential period of 17 millisesonis and an 
initial vemperature of 92° F the plate 
temperature at the time of initiation of boiling 
wes 255° F end the time duration of the initial 
bedling mage was approximeteiy 5 milliseconis. 

Whitehead (Ref. 4) has found from photographe talcen 

of bodling in water uwvler a wide renge cf conditions that 
plots of mesber of bubbles cbeerved of a given radius 
versus the radius show a rather sharp peak at ea uniform 
radius cl sappreximately 3 mils. 

Rohsenow (Ref. 5) has shown that an excellent correla- 

tion of experimental belling heat transfer data can be made 
with the equation 


eae %] 
” Ce hat [eae 5(f fe) Se (Ke) es 
where Q/A ie the rate of heat transfer per imit area, T,, 
ia the surface temperature, and T. 49 the boiling temprra~ 
ture of water. C. 46 a constant for eny surface aaterial~ 
fiuld combination. The remaining quantities are properties 
of water or imiversal constants and are defined in 
Appendix A. 
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«De Sequense of Physical Events in w Reaetor Exeursion 
Considfration of the Borax exserimental results and 
these recent investigations into the boiling prosess leed 
one to divide the reactor exeursion into a manber of phases 
representing the time sequence cf physics] evanta occurring 
within the reactor, The reader is asked to focus his 
attention on one fuel plate and edjacent water channel. 
Figure 6 gives » pittorial representation of the assumed 
temperature profiles for a fuel plate and adjacent water 
during each phase. 
1. Condustion Phage 

In the initial atages of a rapid reaetor transient 
prior to the initiation of boiling the only machantan for 
transferring heat produced in the fuel plates to the water 
ig conduction. There is not time for natural convection 
to become effective in transferring heat. The powar and 
fuel plate temerature are inereasilom epproximately ax~ 
ponentially during this time, and there exists at any time 
a temperature gradient in the water which can be predicted 
by sOlution of the differential equation for transient heat 
conduetion in metal and water. 
2, Initiation of Bolling 
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At the time when the fuel plate tempereture and the 
energy transferred to the water have reached critical values 
to be derived in this thesis, water at the plate surface 
wili erupt in an alwost explosive formation of bubbles. 
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The subsequent agitation of the water py beLling 
insorporates subscoled water in the sclling regien. Buring 
thie phase vias vece of heat transfer into this regien frum 
the plate is iesa then the rate of heat transfer out ef tie 
region by turbulent mixing with subecoiel water. The 
average vabes besapevature and the degree of boiling 
decrense mblii the surfaea is almoat free of bubbles, 
 &@ the tampersiure ef the fuel piate sontiines to 
inerease, underdeveloped boiling gives way tc fully 
developed polling. Pully developed bolling ia defined aa 
that comdition for which the rate of heat transfer inie 
there wlll be re net inerenes in vapor formation with time. 
At this time neat transfer cut of the bedling region is vy 
sgemiuction ints the subcocled water. 

if the fuel plete tesperature continues to increase, 
the rate of heat transfer inte the boiling region wiil 
become greater than that conducted out and the net rete of 
vapor formation wiii imereawe with time. This isa known as 
overievelopec boliing. The provcess is more or less self- 
iimiting sinee the inereased bubble agitation and turbulent 
mixing cf subcooied water san qufiekly dirinion the rate of 
increase of vapor formation, 
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6. Guoward Progress of Belling in thé Teastor 

The abewe sequence ef events for a eingle fuel plate 
flux, temperatice acd power denalty within tae reactor, 
The identical sequeice of evente, displeased later in time, 
eecu's in other ¢hemels which are dlaplaowé in distance 
from the channel of maximum flux. The time displacement 
or lag in appeamenes of this sequence of eventa in any 
temperature ot this ooint relative be the point of maxinsn 
fiver «© . weiss, ast « 
ss Gcmmencing with the initiation ef belling at the 
podrt of maximum Gua, eteam ie belug produesd within the 
reactor in inarwmeingly larger quantities. Due te the 
negetive steam confficient of renetivity the effective 
maultipiieation factor of the reestor decresses with time. 
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The corfivetion phase, the cormiition for initiation of 
boiling, and the condition of fully develcned bodling ler 
themselves te enalytical investigetion. This thesis 
presents a detailed analysis of these whases of a reactor 
excursion in regard to plate temperature, rate of heat 
transfer, ami growth of the temperature gradient in the 
water, This enalyais leais to a good sorrelation of 
maximum fuel plate temperatures chserved in the Borax 
experiments. 

The reweining phases of a reactor exeursion ave more 
difficult to treat analytically. eital knowledge of 
che pro¢esees occurring ducing the phases ef underdeveloped 
and overmfeveloped boiling which 1@ not now evallabic is 
required. The thesis gives only a qualitetive desorvipticn 
of the sequence of events occurring during these phases. 
Quantitative analysis of the spread of boiling threwsh the 
reactor remiulres the aid of enalog coating equipment and 
ia beyond the seope of thie thesia. 
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1a 
¥. Resulte of Anmiyeis 

Phe following physical model of the conduction phase 

48 proposed: 

a) The reactor is criginaliy juat eritieal at very 
low power. 

b) The water is stagnant within the water channels. 

3) The water and fuel pletes are initially at some 
untform temperature. 

4) There ave no natural convention currents set up 
in the water chammels during the short time to 
reach maximm power. 

e) Trere 18 no polling or vapor formation during 
this phase, 

f) Heat transfer from the fuel plates to the water 
during this phase 46 by transient sonduction. 

&@) The aiffusivity of heat through the fuel plates 
4e muth larger than that threwh the water. 
Therafore there is easentially no temperature 
gradient in the fuel plates; the gradient all 
being in the water. 

h) The emount of energy transferred to the water 
during this phase is eaall compared with the energy 
contained in the fuel plates. 
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Conditions (a) through (e) are those present in the 
Borex reagter. Condition (f} is a comeequense of condi Sions 
(4) and (e). Condition (g) ie true for aluminum plates and 
witer. Conditfion (h) Le epen to serlous objection. Although 
approxbeately exponentially with time the temperature of a 
real fuel plate drops below this ingulabed piate temperature 
by an amoumt preportional to the energy transferred to the 
water. For the short veacter verlods being dealt with here 
this temperature difference between the insulated and reul 
fuel plates 13 small. But, a peredietion of fuel plate 
temperature as a function of time will be in error if it 
asmmed that the temperature incresees exponentially with 
the reactor period. However, since we relate the sclution 
for the temperature gradient in the water to the fuel plate 
temperature instead ef tc a funetion of time the objection 
to this condition is partially nullified. 

The reactor icinestes (prompt neutrons only end ignoring 
secondary tamperature effects on reactivity) for thts phase 
are described by 
(Table of symbols ie given in Appendix A.) 


GQ) Bate 
where 
(2) 
integrating equation (1) between Pi at & = © and FP at 
t~=wt gives 
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and for the relation between the cate of temperature rise 
in the fuel pletes and thre power, we have 


(») ghar 


Substituting equation (3) into equation (4) and 
Antegrating from T, ~ Ti st t = 0 to T, » T, at t = t gives 


T - Th = & (eo - 1) 


Disrecarding the 1 as insignificant during the greater 
pert of thie phase in respect to e@", ve get 


(5) (war eee 


Since during thia conduetion phase heat has penetrated 
erly the order of a few mlis into the waler we can conside: 
the water tc be a semi-infinite mediim with a surface 
temperature given by equation (5). Solving the transient 
problem of diffusion of heat inte a semi-infinite medium 
with an exponentially increasing surface temperature 
(Appendix 3) we find the saymptotie solution after the 
initiel transients have died out, for the temperature of 
the water a distance X frau the murface at time t to be 
(6) Beste Madea eo" 


or at the time the plate temperature ia T, 


(7) tT (x,T,) + Ti » (7, - Th) oo 
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17 
Mote that equations (5) ami (4) ave somewhat in error 
the tine variation cf temperature due to 
condition (hj ef the basic assumptions for this phase, but 
equation (7} is much lesa in errer then (6) from thin cause. 
Figure 7 pieterially shows the onanging temperature gradient 
exinting ducing shis phase. 

The follewing physical model fer a eriterden for the 

initiation of boiling is proposed s 

a) For a given plate temperature T,,, initial temperature 
Ti, ent Laverse period m, the tewperature gradLent 
inte the water 1s given by equation (7). 

») A prospective bubbdie will grow from 4 point om the 
plate surface, 

e)} A preoepective bubble, to grow, mst draw upon energy 
surrounding It. 

4) The prospective pubble cr point on the plate surface 
has the ability to “look” out in thre surrounding 
water in a more or iewe hendapherieal fasniion, ari 
temperature contained in hemlspheves of varying 
radii. 

@) Besause of the temperature gradient in the water the 
integrated energy will at firet incresse with 
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dneweasing radii as lerger volumes ef supernented 
water are enveloped, the deerease as subecoitd 
water ie enveloped. Tris, there le @ maxim snercy 
above savuration temperature contained in & hemi-~- 
£)} The prosveetive bubble wiil have avaliable to it 
the mexianen energy above saturation temmaraturce 
eombained in the healephexsies) volume of water. 

&) The proepertive bullble will form: only if chere isa 
enexcgy available for it to grow tc & given rediue, 
of the order of 3 mila. 

Gondation (£) shewld be multe geod for the ease of a 
of the hemiaphesical volume of weber containing the mexduam 
energy iu geal wei this exergy is dloser and more remiliy 
subsooling the semperature gradient into the water ie flatter 
ard the radius of the hemispherical volume of waver contedn~ 
ing the mpaiowa energy le jiarwer and this envy is less 
remiily avallebie for formation of tne Gubble. Thus che 
eviterion to be developed from this model will be in error 
in the cases of maail values of suvseoolings. 

Condition (e) appemre at first to be rather arbitrary. 
Whitehead (Kef, 4) has found fran photographs talon of boil- 
ing in water under a wide range cf conditions that plots of 
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nussver Of bubbles ebaerved of a Eiven radius versus the 
radius sow a rather aharp peak 2% a uniform value of 
approximately 5 mils. 

Veing a linear approximation ts the exponential water 
temperature gradient (mathematics detelis are in Agpeadix 
¢} mesuits in a eriterion for the plate temperature at the 
time of ingtlation of boiling, Te, zaven by 


tf 
~~ a 
yt oe oa a em 
tie initial seapsvature of the water, and m is the reciprocal 
of the periad of the exponential rise sf plate temperature. 
B depends only on the pressure and the asowaed bubble radius 
(see equation (55) Appendix ¢)}. The temperature gradient at 
the initiation of boiling Le show pieterially in Figure 7. 
Substitution of water properties aj 212° F and one 





atmospners anc use af an aggumed vadiue of 3 miis results in 
@ zvaleoulated value of B 
Be o.ra7® FY? gent 


Bean be evaluated experimentally from Rogenthal's one 
reverted experiment (Ref. %). This ralue at atmospheric 
pressure is 

Be 0.1007 pV/3 sect 
 -* Pais clome agreement orevides cthrong support for the 
aemmed condition for inwble formation. 


















™ q ‘ 
en 

SC ay pene 

_ et 1. 

any Cantino ndiigusae anes 

ee ee es | en 

ot 6 te ele oO ot ities o } 


~ ws W @rewwndly ' 
’ 


+t o ¥é 

or =e > ete ©cohe O2 66 @ oo 
ieee a ae ae ine ek! & ee eee 
Ss ———E fie =o lee «ov & & See - 
ote ter Ee a ee eR a «hee 
(0 rere lore Ae! ached int) aah 
amt Ge ltl. lei oh epeias & 
— et © & alee eee ee 
2m ole’ 4 eee oe ee 1 
ey ‘ole 

‘ae ore’ © 

oa ee Crewe Ade OF ie © 
“eaey«. & ete auw of a eee 
* 

at Se ae F 

@ @. eee Fm eb ereves enw cidb _ 

- eee | ote oD wtb 


'— 
a 











20 


Veing this latter varus of B. (Tr ~ Te) im clotted as 
@ fenttion (ts - 1) and wm im Pigurse 5 and 9. Remember- 
iu that for swell values ef (Ts - Ti) this eriterten is 
not very acciwate end from the results of analysis im a 
leter section in comparison with Borex temperature data. it 
will be egsavmed thas (T «- Ts} app~meches an asyantote of 
6° vy as (Ts ~ Ti) speroaches zero, The curves in thie 
reghen are skewed ty satisfy this requiresent. This is not 
te any that in steacy stats belling of essentially saturated 
water the plate temperature wili be 6° ¥ above saturation 
temperature. Wet is weant in that in cases of rapid 
transients us being dwalt with here it appears frem the 
Gate that this esymptotic value exlets, “osenbhai (Ref. 3) 
fowwd that for the axponential periods he investigatad with 
T1 above 190° F the value of (T> - Ts) was not ever 6° ¥ 
within the sccuwraey (+ 6 F) of Ais Gemperature measurenents. 

At moment beiling begins there is present in the 
water @ lerge amount ef superheat. Initially the driving 
foree for vapor Cormation is this superheat energy end the 
initial formation of vapor is almost exploaiva (Ref. 3) in 
character. However, the subsequent bubble agitation and 
turmulent mixing incorporates subeceled water into the 
region of bolling which reduces the srerage tomperatures, 
pressure anf degree of boliing in that region. 
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Gertainly, ducing this phase heat is being transferred 
from the plate to the boiling region, But as vapor fomna- 
tion inereazes dycing the first stages of this phese the 
pres@ure and therefore the satiation temperative increase, 
thus reducing the effective boliing heat transfer to thin 
region frem the plate. This phase is eharacterized by the 
is less then tha’ cut (primarily curtulens inflow cf sub- 
cooled water). The net result is that the degree of bodling 
deereases to a point of almest nc bubbles present in the 
lever stages ef this phage (Ref. 3). 

In the latser stages of this phese the degree of 
bohling and censequentiy the pressure and saturation 
teaperature in thie channel decrease, At the seme tine che 
plate temperature ic increasing so that the rete of beliing 
heat transfer from tas plate to this region ie inereasing 
while tae rate of convective heat trenafer cut of this 
region is desreasing. 

Physically, the wulierdeveloped boiling prase is a 
trenaition phase from the sendition ef fully developed 
camvuetion to the eemiition of fully developed boiling. 





4. Fully Developed Bolling 
Pally developed boiling is defined as that condition 


for wrich the rate of heat transfer into the boiling 
region equals that out of this region so that there will 
be no net inerense in vapor fermmation with time. The 
temperature profile for this somiition is pictorially 
shown as curve & of Figure 7. This comfition may, but 
does not necesaeriiy have to, ceaw in any given reactor. 
If the reactor is very rapidly shut down during the out~ 
ward progress of initial boiling (sey in the case of a 
flat flux reactor), then the power and thus the rate cf 
Plate temperature rise may be very mnail and the mder- 
developed bolling phase may not develop to the fully 
developed bolling condition. In the Borax reactor it 
appears as though the fully developed beiling condition 
is attained at least at the point of maxiawm flux. 
Certainly in all reactors this cendition 1s not attained 
in ail charmelsa which underwent initial betling. 

With no net inerease of stema and a very low level 
of the degrees of boiling for the fully developed boiling 
eondition, the amount of turbulent mixing is very small. 
Thus the heat transfer out of the bolling region will be 
principally by eomluction into the gubcceled water. 
Since the degree of boiling at this time is email, the 
pressure in the water channel has returned to essentially 
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2” 
ambient pressure andi the tempereture in the befiing regicon 
is essentially saturation temperature at ambient pressure. 
If we ‘mew what the temperature gradient was at this tinc 
in the weter at the outer edge of the bolling region we 
could evaluate the rate of heat transfer out of the bedling 
pegton. 

I will pesteulete that the temperature prefiie tints the 
subcocled water at the time of fully developed bolling 
pears some relation to the temperature profile which 
eristed in the water at the time et witch belling started. 
More speotfieally, it 1s postuleted that the slope ef the 
temparatuce profile in the water at the owter edge of the 
polling region st the time of fully developed bolling is 
equal to the alepe of seme point on the temperature profile 
which existed at the time boiling started. 

At the fostent of bubble fermation the temperature 


By ettceb cc er tee 
and the reve cf heat tramafer per imit area through the 


water by gonduction at any point a is given by 


= (), F shale = ke /@ (Te-T) ee 
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According to the sbove postulate, the slope of the 
temperature gradient at the outer edge of the bolling 
region at the time of fully developed bolling ia equal te 
the slope of the temperature gradient at the instant of 
bubble formation given by equation (9) at some poaltion 
@long this gradient, x = x’. Nete that here the quantity 
x' 1s defined as the distance from the plate into the 
water at which the slope of the temperature gradient which 
existed at the instant of bubble formation equals the 
slope of the teaperature gradient at the outer edge cf the 
bedling region at the time of fully developed boiling. 
The physical definition of x' 1s clear, although the 
manner in whieh it might vary with period and subcooling 
is not defined at present. Figure 7 shows a schematic 
representation of the temperature gradient existing at 
this time and the dis ) x* which is imental ly 
shown latter to be a virtual distance. 

Thus the rete of heat transfer per unit area leaving 
the beiling regien at its cuter edge at the time of fully 
developed tedling is given by 


(21) (2)... = Ke [@ (Te-T) e VE 


Tre rate of heat transfer per imit area from the 
fuel plate te the water in boiling is given by Rcheenow 
(Ref, 5) bo be 
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) ‘Q . am) 
(12) ($ /¢... _ (Tr Is 
where 


isgy Precmmey  cepee es 
Calis dae aee (lgeehin 
(fe - f.) Ke 
Rohsenow gives valves for Cae fox vartlovs combinations 
of surface material and fluid tc range from 0.003 to 0.015. 
Evaluating the expression for “ for xater bolling at 
atmospherics pressuse we get 


| os | 
= a eee 


or for the range cf surfaces used by Ruhsencw 


x = 1.07 to 1 — a 
he ce? 


This uneertainty in the vaiue cf « by ea factor ef 125 
or more is disconserting when attempting to earry through 
nanerical calculations. However, the mere fact that it le 
a constant for a given press#ure and surface-liqitd sombina~ 
tion 19 helpful since if it can be once evalumted this 
value may be used in further calculations involving this 
game surface~licuid combination. 

Applying, the definition of frilly developed boiling, 
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is zero, we get from equations (11) and (12) 
(a) «(Te-Ta)° = Ke f@ (Te-1z) ¢ 


This equation showld predict the plate temperature 
at the inatant of fully develoned bholling. 

The reader is now asked to foeus his attentisn on 
the fvel plate temperature at the time of fully developed 
bolling. The rate of change of fuel plate temperature at 
any time is given vy the following differential equation. 
a CL 

Observations of the Borax cate (Figure 3) show that 
at the time of maxim fuel plate temperatuse the power 
is decrwesing quite rapidjy. And from the discussion of 
the underdeveloped boiling phase it will be remembered 
that in the later stages cf this phase the heat transfer 
rate from the plate to the water is increasing with time. 
Consideration of these facts in connection with equation 
(15) suggests that the time rate of change of plate 
temperature may pass through zero clese to the time of 
attainment of fully developed boiling for the Borax reactor. 
At least the time rate cf change of plate temperature will 
be very small at thie tian. ff will therefore postulate 
that for the Borex reacter maxinnm fuel plete temperature 
oceurs at the time of attainment of fully developed bofling. 
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27 
With this postulate, shifting attention back to 
equation (14) we can write for the Borax reactor 


(16) x (Tem —Ts) = Ke {@ (Te-T) o WE 


where Pn is the maximum plate temperature which is 
assumed to be reached simultaneously with fully developed 
polling. Equation (15) together with equation (8) will 
be used to predict maximum fuel plate temperatures for 
the Borax reestor. 

Rehsenow's experiments show thet « should be 
independent of period (m) and initial degree of subcooling 
(fe - Ti); X snail eseume that x" is also independent of 
these variables. 

Taking the following values for water properties: 





(a7) oo ot Ae3@2-a 107 Ht eee? 

(18) Ke = 9.394 em __. 
ne fe oF 

and the value detersined for B from Rosenthal's data, 

comparison with the experimental Berax data fer maxim mm 

fuel plate temperature shows an excellent ris of the dave, 

ie obtained if cne uses 

(19) x" = - 9.985 x 10°? ft = - 11.35 mils 


art 
(20) X we ed x 207? | 
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The result ef substituting teese values inte equations 
(8) and (16) te 


(21) 0.1247 fm = 





(22) 0.715 jm = 3 fn (tp, - 7) - 34m (tm ~ Ta) + 582 


where the temperetuces are tr °F and = is in sec™?. 

These equations constitute the correlation of marcinnys 
fuel plate temperatures tn the Borax experiments. ‘sing 
these eq™uatiiens, predictions of (T, - T,) as a fumetion of 
fm and (T = 1) for the Borer reactcr were caleuleted and 
plotted in Pigure 10. 

Fer the case in whieh the water wat initially saturated 
the beat fit was cbtsined 4f T - Ts = 6 ©F for all pertods. 
Tis wes the hesis for the requirement that Th - Ts aporoach 
an asymptote of 6 °F an Ts ~ TL approached zero as explained 
im the section in wiieh the eriterdon fer boiling wes 
pragented. — 
sodA so iUmiber of Borax expertmentel maxioim plate temperature 
values from Figure 4 are replotted as tircles in Figure 16 
to show the agreement between experimest and predlettion for 
the inttlally saturated case. 

The Borax experimental maximum piste temperatures fram 
Pigure § for various degrees of subcooling and for 13 and 
22 millisecond periods are replotbed as circies in Pligare li. 
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for these tWo periods axe shown as solid lines in Figure 11. 
The close agvreesent shows the validity of the correlation 
of maximum plate temperatures by equations (21) and (22). 
5+ OQverdoveicped Boliing Phase 

After the esteblishment of fully developed boiling, a 
phase in whieh tae rate of heat tra isfer into the bol ling 
region ie greater than that out of this region. Thus the 
rete of vapor formation in this ehemwiel will inerense with 
time. Nowevarc, this process ia more or lesa self liniting 
Since the solling agitation imorporates more subcooled 
water in the resic: thus recueing the rate of vapor forma 
phase, 

It appears Crom the anaiysie in the preceding seaticn 
that the Borax fusi plate tenperatures did net inavease 
signifieentiy after the fully developed belling condition. 
Therefore it evpears that the Gorax reactor didn't go very 
fer into the overdevelopad bolling snage. 

Gader other conditions, however, overdeveloped bolling 
may take place to a significant extent before maximm plate 
temperatures are reagned, Such could be the cease in a 
heavy weter reaster. 


- 
ee! eh eh Ly EE OE 
i. i ee ee | 


Jet we we & ra 
(7) om (al ud 


‘aeae oe a EE 


ae ey et Ae ae 
prep Ok ee et 
nS nee A ae Yat me nes Ot te 





















Tet, ey a i oe +e omteredT 
Oo Veh Sead eve meh ooRt ae 

PLL ee ee es re eS ry 
ne tn oe mm Te fhe ee, ee 
ne ed 
an ee eet 


° = 





3 





G. Cubward Progress of Botiing in the Reactor 
The reade: is now asked to shift hie attention from 
the sequence of physical erents ocsurring within a single 
water channel to a consideration of these eventa cecurring 
succesaively in various water charmels in the reactor. 

Bolling first commences within a water chamel near~ 
es& the point of maxtinmrm flux in the reactor. The boiling 
region in that initial ehame] will rapidly progress 
axially in beth directions from the initial point until 
some fraction of the fuel plinte area bounding this channs! 
is in boiling. At thin time the boiling area will reach 4 
(1) lower flux and the assoclated lower plate temperature 
at this distance from the points of maximun flux, (2) rapid 
vapor formation in the boiling region Increases the 
pressure and the saturation tempereture at ail points in 
the chanel, and (35) this rapid vapor formation and increased 
pressure forces the water cut both ends of the chamel, the 
rapid movement of which causes turbulent mixing of the water 
downstream thus partially cestroying any temperature 
gradient nen: the wall which hed been established in this 
waters 

in the meantime, however, further water charn@le cir 
oumferentielly surrounding the initial channel undergo 
inittiel bedling in a manner eimilar toe that deseribed for 
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the initial channel. (See Figure 6 for a pletertal 
representation of the outward pregress of beliing in the 
reactor.) As further initial boiling takes place the 
power developed vy the reactor varies in aecerdance with 
the following differential aquation:s 


(es) 22 -P/ sk -p-fove kul 

ital tedlietetaieemennnee tated 
t is time, 5K ig the initial step increase in effective 
multiplication facter of the reactor, 6 is the fraction of 
fiasion neutrons which are delayed, { is the prompt neutron 
lifetime, © la the statistical weight at a point for 
reactor perturbations, V. is the volume of steam per imit 
fuel plate area, > is the reactor void coefficient and A 
is the fvel plate area. 

Tne time sequence for initial boliing in various 
water channels within the reactor depends on the time 
vequired for the fuel plate temperature adjacent to these 
channela to reach Tb. If fo is the maxim flux, Or is 
the flux at point r, and t is the time lag between 
initial boiling in the chammel at position v end initial 
bodiling in the chamnel of maxima flux, the following 
equation approxiuately cezerdibes the interval of time 
which elapees between initial volling at position of 
maximm (flux and position r. 
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(2h) fork = $ [6-1 +4 Rewde] 


Consider for ea moment the initial furmetion of vapor 
in any water channel. The criterion developed for the 
initiation of bedling contained che apsimption thes the 
wuperheat energy in the water available Lor vapor formation 
is a constant at the time of initiation of beliing. Tus 
the initial volume of vapor predused ia the iuiidal surge 
of belling in any watex channel from this constant avail- 
able energy source is also a aonatant essentially 
independent of subcooling or period. In additien, the 
process of initiation cf boiling in ali water shanmnelsa is 
identical essentially independent of subcouling or period, 

Thus it will be assumed thet the initial volume of 
steam formed in any water chamel is a sonstant andi for 
times shortiy after the initiation of willing in the 
centrai channel the total volume of atogm in the veactur 
ia this constant steam voluaé per charie: miitipiied by 
the number of channels undergedng billing. 

If the flux and water channels could le sensidered 
to be axially symmetric avout the central chanaei ané. 
initial bolling wits &@ constant vapor volume per channel 
is taking place inside e group cf water chamels deserip- 
ing a circle of radiua r, viewing a transverse section of 
total vapor volume in the reactor is given by 
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(25) [om ans ce 


where C ig a constant fer any given fuel plate-water 
sharnel gecmetry and dimensions. 

Equations (23), (24), and (25) ean be solved, 
probably easier on a computing machine, revealing the 
course of the shutdown machanism during tne period 
shortiy after the time cf initiation of heiling in the 
first chanel. 

In deriving equation (25) 1t has been assumed that 
the volume of steam formed in any channel at the initia- 
tion of beiling in that ehannel does not changes az boiling 
moves outward from this point, whereas in sections ¥5 and 
PS it was asaaened that the vapor volume decreases during 
the underdeveloped boiling phase and then increases dur- 
ing the overdeveloped bolling phase. It appears fran 
consideration of the Borax ‘sions (Figure 3) that the 
outward progress of initial belling in the reaster has 
accomplished the major contribution to the shutdown 
process before the attainment of fully develeped balling 
and a minigun of vapor volume in the central charmel, 
The effect of this decrease in vapor volume will first be 
feit in the sentrai channel. But the contribution of the 
vapor volume asaumed te be in this central chennel is 
email in comparison with the vapor volume contained in the 
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larger number of channels at rediue r. Therefore the error 
meade in net considering this decrease in vapor volume in 
the central ¢hennel shortiy after initiation of boiling will 
be amall. 

Thus the suggested model for the shutdown process as 
given by equations (23), (24) and (25) approximately 
initiation of boiiing in the centrai channel. For che 
Borax reactor the outward progress cf initial boiling in the 
reacter contrihuved much more to the remctor shutdcwm 
mechanism than did the seecmdary growth cf vapor in the 
eentral and adjacent channels. 
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The principal results of this study have been the 
prediction of temperatures axisting during the conduction 
phase, thé criterion for initiation of belting, and the 
correlation of experimental maximum fuel plate temeratures 
for the Borax reaeter. Seaondary results of this study 
have been a better, but still qualitetive, understanding of 

transient boiling phenomena and the reector shutdown 
mechan isa, | 

In the conduction phase it should be neted that although 
the time relation of temperatures is not Imown with accuracy 
the relation between temperatures in the weber and fuel plate 
temperature is much more accurately imown. In thie regard, 
although the energy developed by the reactor, whieh 1s the 
time integral of the instantanecun power, La known at the 
time cf first initiation of botling (axpreximately the point 
of maximum pewer for the Borax ranctor), the value of the 
instantanecus, power at this time is not known with acsuracy. 

Te criterion for initiation of polling developed tn 
this thesis has not been fully confinmed by experiment. 
Mowever, two facts lend credulity to the criterion. First, 
numerical evaluation of the quantity 8 (equation &) from 
water properties and the azgumed bubble radius of 3 mils 
agrees remarxably wall with an experimental evaluation ef 
B from Rosenthel's one reported experiment. And secend, the 
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eriterion was used with succesa in connection with the 
sorrelation of exgerimental maxima fuel plate temperatures 
for the Borax reagter. 

I¢ ig thought that the derived correlation may be used 
to quite accurately predict maximum fuel plate temperatures 
encountered in rapid transients of Borax type reactors. 
Hewever, it ie probably only # fortunate aceident that for 
the Borax reactor the time of maxima fuel plete temoerature 
happened te correspond very olosely with the attainwent of 
fully develeped boiling in the central ehannel. 

Another valuable result of thia correlation has been 
an experimental deteralnation of x, the heat tranafer 
eoofficient for boiling cf water in centact with MTA fuel 
@lements. 

Still in the realm of speculation ls the vesult from 
this correlation that the quantity x' is a constant. Since 
this quantity represents some unknown (at the present time) 
un@erdeveloped bolling phase, the fast that it is s 
constant leads one to believe that these crocessea are 
sudcooling. 

This velief is the basia fer the suggested model of 
the shutdown mechanism shortly after the initiation ef 
soiling given in section F5, dealing with outwerd progress 
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Mention stheuld ve made of the apperent inconsletency 
between the agauned model of transient boiling and the 
Borax data regarding observed pressures. Im the initial 
stages of underdsveloped bolling it ms premmed that the 
peeewure in a water channel tnereases with time. And in 
pressure decvoases with time. The attainment of the 
@endition of Culiy developed bolling waa marked hy a 
return te essentially ambient pressure within the chawel. 
Coservation of the Borax data shows che pressure te be 
steadiiy ierearing with tim, 

A reoonelliation cf shia inconalstency could ba based 
on the following argument. It is not mown where the 
pressure transducer was located in the reactor. Assuring 
that ft was a device of moderate sie 1% would have been 
impossible te piece it inside the reacter core. Or if 16 
ware placed inside the core the water channel eb that 
legeticna sust have been such Lerger than thoee fer the 
standard MIR fuel element. In any event the recorded 





pressure was probably not that existing at any tine within 
a single standard water channel. 

Depending on the type ox orLentation of the transdueer 
its reading would be a combination of the statle preasure 
existing at thet point and the pressure cavseed by monentum 
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a) 
changes in the moving water close to the transducer pressure 
opening. If the mumentwe effects pradeninate, then the 
observed pressure is merely a measure of the velocity an’ 
amount of water being expelled by all of the water channels 
undergoing volling at any time. Since the mabe: of echamela 
undergoing initial buliing 18 rapidiy increaming with iiuae, 
the amount of moving water is inereasing with time and tue 
observation ef pressure increasing with time 1s conaietent 
with this model. 

Gt should be nabed that the pressure trace of only one 
excursion was presented in the Borax raport (Figure 45. 
Ref. i). Mention was made of apparent ineonsletencies in 
the presaure observations which were attriuuted to mal - 
funetioning of the device. Careful serutinyg of this one 
pressure trace reveale something which could best be 
demeribed az a jog in the curve at approximately the tine 
of maxima: fuel plete temperature, This could be attrinuted 
to the dweldenee of the overdeveloped balling phase in the 
central charnel at this time and the ccnzsequent new surge 
of expelled weter. 
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Hs, Summary, 
by Rosenthal, whitehead and Rohwenow provided guides to 
the development of a physical model for the course of & 
Within the framework e/ these guides it was the aim of 
this thesis to understand and analyze a reactor runaway 
excursion. The model developed is consistent with this 
au- — , i * 
‘The ecndustion phase, condi ten 68 initiation of 
webiing ah ponthibon st, fully. denial whites mame 
oe investigation and the mumerical 
J tar EA We We be entre 

| Anatysts of the vemetning phases of the developed 
mystical model and 4 complete solution of tha resetor 
exeursion mist await a move detadled and more Suindemental 
understanding of transient belling phenomena. 
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Table of Symbola 


heat diffusivity cf water a) 
fuel plate area (ft*) 

constant defined by equation (55) 
specific heat of water ( 
constant defined by (25) 

latent heat of vaporization of water (BE) 

heat somuetivity of water a —;-) 

ve oy Ps me in affective multiplicetien 









reactor vold coefficient (207?) 
preapt neutron lifetime (Sec) 


ee a ee ane 


power developed in a fuel plate per unit 
fuel plate area (—222_) 


See fo" 
rate of heat transfer per wiit fuel plate area 
(28) 
See re* 


heat capacity of fuel plates per unit fuel 


plate area (Soo) 


time {See ) 
temperatuce (°F) 
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hy 
fuel plate temperature at initiation of beiling (°F) 


‘peacter volume (f°) 


ae 2 ee er ee ee 
aren 


Mistance inte the water fren and nome) to s fuel 


Gistance inte the water at which the slope of the 


temperature crofile which existed at the 
“J Sekar’ of buvble formation equals. the slope 


at the outer edge 
the betling resto” = peg Any time of fully 

doval apes betiling (f+) 
‘pobling heet transfer coeffteient defined by 
equation (18) (~—BiE_,) 

— f-* Op 
fraction of Msasgicen neutrone which are delayed 
vineosity ef water (—tR.) 

See £5 








statistical welgnt at a point fer reactor 
perturbations 





Plux at a point in the reactor (RegErens ) 
en“ See 
densit 
y “s) 


surface tension of water (a) 
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APPENDIX B 





comustion 
with an 
tonrrera ture 





we nricdte wedi 
inte a =a infinite 
exponentially vising surface 





Tha problem can be expreseed gnalytioally in the fellow 
ing mamer, The unsteady atate diffusion aifferential 





equation is 
~ dText) _ £ _dTelx¥ 
(26) Bx a ore 


and if the temperature soale is based upon the initial 
temperature, then initially 
(27)  Fe(xo =0 
an@ the surface temperature is verying with time 
(28) Te(o,t)-$() 
then the sciution can be obtained in the following way. 

Let T = P(x,t) be the solution for t > 6 in a case in 
which T(o,%) = 0 fer =o < & < © and Tlost) » 2 for o < ts 
Tis solution is (Ref. 6) 


(29) Fx,2) fel a Ap 
on” 


2fat 
Then 1f TMo,t) «6 for - 0 < &<T and TMloyt) = 1 Por 


~<t the solution for t2T LS 
t ) ee CS r RE Tt) 
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Similarly if T(c,t) # 0 fer ~ 0 < & < t + dt and 
T(o,t) =) for 7 + a2 < t the solution for t 7 t+ dt is 


(3) 29 Tax,t) = Fx, ¢-t-dv) 


Henee 4f Tle,t}) » 6 fae -0 < b<t ,» and Blo,t) @ 1 
for 7< ti T+ dt» and Test} * 6 for 7+ a7 <t the 
sclution for t>7v is 


(@) 0 Texep= F Oy t-v)-Fix.t-v-do) 
or in thé Limtt as dz — 6 
(33) Texe) - Se] Fx, e-v)] de 


Now if instead of a surface temperature of 1 for this 
times interval dv et t wT we heave & surface temperatiow of 
#(v), then the solution to this problem would be 


(M4) Tx = PO) a. F(x,t-~)| gt 


We may now moe wp the regults for each time inbvervei 
a4 over the tetai interval $6 = © t ¢ = t and find the 
eilution fer the surface temperature of @(+) 


é 
(35) Foxe) -[ $c 2-| F(x, e-v)] At 


Frog equation (29) 


(3) F(x, t-%) = af e dp 
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(37) 
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5 2 fra (t-v)* C 
substituting in equation (35) , 
- ae 
(@) Tat) = 3 EI | feo a de 


To gimplify iat 


__ 
(39) F ~ 2latt-?) 
Substituting in equation (35) 


(40) = Text) - tele ft - ape pz) € da 


Lvat 


Now if fram equation (5) 


_e 
(5) Te -Ti ~ "Si e 


Then subelisuting in equation {1d } 


A ee 
(41) T2(4,t) ~Je = nr Sm € ; € 


Zfat 
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The solution cf which can be easily found using 
Laplace transforms (Ref. 6) to be 


(ua) Text) “Te = 355, em! a ente [ace — Vt] 


X JZ _ 
¥€ (a erte| =e ime 





For times greater than several exponential periods 
the transient terns in this Sblution die out and the 
solution approsshes an asymptotic selutien given by 

we —-K{ 
(a3) Reey-Te - tS 6 e (@ 


whieh is equation (6). 
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APPENDIX ¢ 
_ Deveix ; | % orltecton 
5 | Drv per atiation af tolling 
The temperature gradient into the wetes «t the taioe 
the plate teuperature is T, is given by equation (7). 


(7) h(x) -fe =(T -k) e NE 


Expanding tue exponential term and keeping oniy the 
first two terug we get approxieately 


my To -Te = Ce Te Cr- AE) 
Veing saturation temperature for a base we get 
(66) Tea-Ts =(r-Ts) -(e-h) x /# 


or in spherdeal coordinates with the origin a peint on the 
plate surface | 


(6) Tew -Ts = (TP -Ts) -(T-T2 ) J F cos 0 

A aifferential yvolwee in spherleal ccordinetes is 
given by 
(47) dV=zrr swédrde 


Therefore the tetal enthalpy with saturation temperature 
a4 a base contained in « henieprerical velum of water of 
rediua R centered at a point on the plate msurvace is given 
by’ 
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RW, 
sy AH=ZItehe f / [ (-)-e-T Ev cosof r° sinBdrd@ 
or 
(ng) aH = weer [Ce-E) R?- $F Oe KYLE Rf 


and the mextmem 4 i ccecra at the point where 





(50) re a =0- S1reefe [3 Rm (Te-F)-E Be (PTH | 


or 


= Te- Is 
(50) Rin = a Tete) a 
Substituting equation (51) inte equation (kS) aryl 


simplifying 


(52) AHm = = 4 rep (B)* fe Bah 


Now this mexime energy 1s aemmed equal to the 
energy required to supply the latent heat of vaporization 
necessary to form a heniapherical bpubblie of a radius ve 
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Bquating equations (52) aad (53) end simplifying we 
get for the criterion cof piate ' abure at the 
eae: 
(a) Bin =- 


Clis- Fey 





waich 19 equation (8), ena where 


[3 
, oo zohan ~— = 


Ueing eth Cl cnkae 8 cemcapharts pressure and 
saturation rant <8 reéius 0: 
3 mils - 


vm 3 setts a a 
a « 1,382 x 10°? ce neo”? 
Hg «= 979 BIY/ib 
f, = e7S x WO"? ipe/er? 
fe = B07 ina/te” 
Ge = 160 BTU/in °F 
we get 





Hom 60,1271 oy/? ™, 


Thia compares with t:c experimentally determined value 


from Rosenthal's one experimental point (Ref. 3) of 


Be 0.1147 oy? mA 
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Figure 3 
Plot of power, fuel plate temperature and 
pressure rise during a typical nuclear runaway 


excursion of the Borax reactor. 
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Borax maximum plate temperature rise 


for runaway excursions of various periods, 


with reactor initially at saturation 


temperature. 
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Figure 7 


Schematic representation of temperature profiles 
occurring in a fuel plate and adjacent water channel 
at verious times durins 2 reactor runaway excursion. 

1 and 2 Conduction phase 
i) Initiation of bolting 
4 Fully developed boiling 
Noze that the slope of profile 3 at (a) is the same 


as profile 4 at (b). 
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Figure 7 


Schematic representation of temperature profiles 
occurring in a fuel plate and adjacent water channel 
at verious times durins a reactor runaway excursion. 

1 and 2 Conduction phase 
B) Initiation of boiling 
4 Fully developed boiling 
Noze that the slope of profile 3 at (a) is the same 


as profile 4 at (b). 
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